This letter reports a new approach for microwave-assisted magnetization reversal ͑MAMR͒ measurements and the demonstration of MAMR in a Fe 65 Co 35 thin film with this approach. The approach uses a microstrip line to deliver microwaves to and measure the ferromagnetic resonance ͑FMR͒ of the sample. The switching field is determined through the measurements of the FMR absorption as a function of static field. In the presence of microwaves, a reduction in switching field by 50% was observed in a Fe 65 Co 35 film. This reduction was independent of the duration of microwave pulses. This indicates the reduction is not a heating effect. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3175721͔
In the presence of microwaves, magnetization reversal or switching in magnetic materials can take place at significantly reduced switching fields. This effect is called microwave-assisted magnetization reversal ͑MAMR͒. The physical mechanism of this effect is that a microwave magnetic field can excite large-angle magnetization precessions which can serve to reduce the magnetic field needed for the magnetization to switch. The MAMR effect has potential applications in high-density hard disk and magnetic random access memory and in microwave devices. [1] [2] [3] Recent simulations by Zhu et al., 3 for example, provided strong indication for the feasibility of microwave-assisted perpendicular recording.
The MAMR effect was first observed by Thirion et al. 4 in 2003. The authors demonstrated microwave-assisted reversal in a 20 nm diameter cobalt nanoparticle using superconducting quantum interference device techniques. Several other experiments confirmed the MAMR effect. Specifically, Grollier et al. 5 demonstrated microwave-assisted reversal in cobalt strips by means of anisotropic magnetoresistance measurements; Nembach et al. 6 and Pimentel et al. 7 measured MAMR responses in Permalloy thin film elements with magneto-optical Kerr effect ͑MOKE͒ techniques; Nozaki et al. 2, 8 and Woltersdorf and Back 9 demonstrated MAMR responses in submicron-sized Permalloy elements; and Moriyama et al. 10, 11 reported the observation of MAMR effects in Permalloy layers in magnetic tunnel junctions.
This letter reports ͑i͒ a new approach for MAMR measurements, and ͑ii͒ the demonstration of MAMR effects in Fe 65 Co 35 thin films with this approach. Several key points pertain to this approach. ͑1͒ One positions the sample directly on top of a microstrip line. ͑2͒ The microstrip line serves two functions: it acts as a probe to measure the ferromagnetic resonance ͑FMR͒ absorption of the sample and as a transducer to deliver microwaves to assist switching. ͑3͒ The FMR absorption level depends on the static magnetic field applied to the sample. For this reason, one can determine the switching field through the measurements of the FMR absorption as a function of the static field. With this approach, microwave-assisted switching was observed in a 70-nmthick Fe 65 Co 35 film element. Specifically, a reduction in switching field by as much as 50% was observed in the presence of microwaves. Such a reduction was independent of the duration of microwave pulses. This indicates that the observed response is not a microwave heating effect.
It is important to emphasize that the measurement techniques used in previous work require the fabrication of magnetic elements either into special structures 2, 5, [8] [9] [10] [11] or onto transparent substrates. 6, 7 The new approach presented here, however, allows the direct study of MAMR effects in bare samples, as explained below. Note that in Refs. 6 and 7 the microwaves were provided by a transducer from the film side of the samples, and transparent substrates were needed to allow for the MOKE detection of the magnetization from the substrate side of the sample. It is also important to emphasize that most of previous demonstrations were carried out on low-anisotropy, low-damping Permalloy thin films 6, 7, 10, 11 or elements. 2, 8, 9 This letter reports the demonstration of MAMR effects on a Fe 65 Co 35 film that has relatively high anisotropy and large damping in comparison with Permalloy. Figure 1 shows the schematic diagram of the experimental setup. A film sample is positioned right on top of a microstrip line, with the film side down and the substrate side up. A static magnetic field H is applied in the plane of the film and is parallel to the microstrip line. The microwave a͒ Author to whom correspondence should be addressed. Electronic mail: mwu@lamar.colostate.edu. magnetic field h produced by the microstrip line is to a large degree in the plane of the film and perpendicular to the static field. A vector network analyzer ͑VNA͒ is used to measure the FMR response of the sample. A pulsed microwave source is used to provide microwaves to assist switching.
Vector network analyzer
The VNA measurements of the switching field H sw consist of the following steps. ͑1͒ The reflection coefficient R 0 of the sample-microstrip line structure is measured as a function of frequency f for a high static magnetic field ͑H ӷ H sw ͒. This R 0 ͑f͒ signal will be used as a reference signal for subsequent measurements. ͑2͒ Then the reflection coefficient, R͑f͒, is measured as a function of frequency at relatively low field ͑H ϳ H sw ͒. ͑3͒ The difference R 0 ͑f͒ − R͑f͒ is the signal under consideration which shows a peak response at a certain frequency f peak . This peak results from the FMR-caused power absorption in the sample. For the discussion below, one defines A as the power absorption at f peak . ͑4͒ The absorption A is measured for different static fields. The A versus H profile shows a dip response. The corresponding static field is the switching field of the sample.
The main reason that accounts for the dip response in the A͑H͒ profile is as follows. When the field H is reduced from a high positive value, passes through zero, and then approaches −H sw , the sample becomes gradually unsaturated, and one observes a broadening of the overall resonance peak and a decrease in the absorption A. After the field passes through −H sw and changes toward a large negative value, the sample becomes gradually saturated, and one observes a narrowing of the resonance peak and an increase in the absorption A. Overall, the A͑H͒ profile shows a dip response at −H sw .
In order to measure MAMR effects, one applies pulsed microwaves to the microstrip line in between each measurement of A. Note that during the FMR measurements the power level of the microwave signal from the network analyzer is kept very low so that the MAMR response is solely due to the high-power microwave pulses. Note also that the repetition rate of the microwave pulses is very low in order to eliminate any heating effects in the sample.
For the data presented below, the sample was a 4 mm long, 3 mm wide, 70 nm thick Fe 65 Co 35 film element with a seed layer of 1 nm ruthenium. The sample was prepared by dc magnetron sputtering with a power density of 16 W / cm 2 and an Ar flow of 200 SCCM ͑SCCM denotes standard cubic centimeter per minute͒. During the deposition, an in-plane dc field of 75 Oe was applied to induce an in-plane uniaxial anisotropy. For measurements, the film was positioned with its easy axis about 15°away from the direction of the static field. The microstrip line is 50 m wide and 3 mm long. The microwaves from the VNA were at a power level of Ϫ10 dBm. The microwave pulses had a power range from Ϫ15 to 27.5 dBm, a carrier frequency of 2.8 GHz, a width of 40 ns, and a period of 130 s. Figure 2 shows representative data that illustrate the measurement of the switching field using the new approach described above. Graph ͑a͒ shows the FMR absorption A as a function of static field H. The inset shows the half-power linewidth ͑gigahertz͒ of the absorption peak as a function of the field ͑oersted͒. The solid and empty circles show the data for decreasing and increasing fields, respectively. The arrows indicate the directions of change in the field. Graph ͑b͒ shows the hysteresis loop measured with a vibrating sample magnetometer ͑VSM͒. The vertical dashed lines show the field positions of the two dips in graph ͑a͒.
The data in graph ͑a͒ show a new type of magnetic hysteresis loop. This butterflylike loop has two dips around the fields that perfectly match the coercive forces measured by VSM, as indicated by the vertical dashed lines. This clearly demonstrates that the new approach can be used to measure the switching field of magnetic samples. As discussed above, the two dips are associated with the broadening of the absorption peak that results from the demagnetized or unsaturated state of the sample. Such broadening is confirmed by the two peaks in the linewidth versus field responses shown in the inset. Graph ͑a͒ also shows that, for strong fields, both positive and negative, the data for the decreasing and increasing fields overlap. This is because at these field levels the sample is well saturated and shows therefore the same FMR response. At these field levels the FMR absorption decreases somewhat with the field. This agrees with the fact shown in the inset that the linewidth slightly increases with the field at the high-field ends. It is well known that, in saturated materials, the FMR linewidth generally increases with field. 12 Note that, although not shown here, the obtained switching fields also perfectly match those measured by MOKE technique. Similar agreement between the new approach and MOKE and VSM techniques was also obtained for the switching fields of Permalloy thin films on one hand and Fe 70 Co 30 thin films on the other. Figure 3 shows representative data for the MAMR effect in the same film. Graph ͑a͒ presents three A versus H profiles. The empty squares show the data obtained in absence of microwaves. The empty and solid circles show the data obtained at input microwave pulse power P = 22 and P = 26 dBm, respectively. The arrows indicate the direction of change in the field. Graph ͑b͒ presents the switching field as a function of input microwave pulse power. The inset shows the same data in a linear power scale. The power unit is Watt.
Graph ͑a͒ shows that, with the microwave pulses applied, the dip shifts to lower fields. This clearly indicates that the switching can occur at reduced fields in the presence of microwaves. The overall response in graph ͑b͒ is that the switching field decreases with increasing microwave pulse power. In more detail, the change in H sw is negligible for P Ͻ 10 dBm and is significant for P Ͼ 20 dBm. The reduction in H sw is about 50% for P = 27.5 dBm. Figure 4 shows two A versus H profiles obtained with different microwave pulse durations, as indicated. The input microwave pulse power is 26 dBm. One observes a perfect match between the two profiles. This means that the observed response does not depend on the duration of the microwave pulses. One also can see from Fig. 3͑a͒ that, when the field is increased from Ϫ45 Oe to about 8 Oe, the three response curves show exactly the same behavior. This means that, before the magnetization switches, the level of FMR absorption does not change with the power of the microwave pulses at all. These two facts together clearly indicate that the observed reduction in switching field is not due to a microwave heating effect.
The saturation magnetization, effective anisotropy field, and effective damping constant of the film are about 23 400 G, 60 Oe, and 0.018, respectively. These parameters were determined by conventional FMR, VSM, and MOKE measurements. From the saturation magnetization and the anisotropy field one can estimate the precession frequency of the magnetization right before the switching. For a static field of Ϫ15 Oe, the precession frequency is estimated to be about 2.9 GHz, which is very close to the frequency of the microwave pulses used in the experiments. The amplitude of the microwave magnetic field applied to the film was about 2.8 Oe for the maximum power used. In spite of this small field, it was possible to observe a switching field reduction by as much as 50%. The presumed underlying mechanism for this reduction is that the microwave field excites largeangle magnetization precessions, and the large-angle precessions lead to a reduction in the energy barrier for domain nucleation and hence a reduction in the switching field. 6, 7 In conclusion, a new approach for MAMR measurements on bare samples was developed. This approach uses one and the same microstrip line to deliver microwaves to and measure the FMR response of the sample. The switching field is determined through measurements of the FMR absorption as a function of magnetic field. In the presence of microwaves, a substantial reduction in switching field was observed in a 70 nm thick Fe 65 Co 35 film. The anisotropy field and damping constant of the film are much higher than those of Permalloy films. Future work on the demonstration of MAMR effects in magnetic films with even higher anisotropy and damping is of great interest. 
